Motivated by the excellent electronic and optoelectronic properties of twodimensional (2D) tin oxides, we systematically investigated the thermal conductivity (κ) of monolayer SnO and SnO 2 by the first-principles calculations. The room-temperature κ of monolayer SnO and SnO 2 reaches 9.6 W/(m·K) and 98.8 W/(m·K), respectively. The size effect is much weaker for monolayer SnO than for monolayer SnO 2 , due to the coexistence of size dependent and independent component in the κ of monolayer SnO. The large difference between the κ of 2D tin oxides can be attributed to the small phonon group velocity and strong anharmonicity strength of monolayer SnO. Further electronic structure analysis reveals that the existence of sterically active lone-pair electrons is the key factor for the small κ of monolayer SnO. These results provide a guide for the manipulation of thermal transport in the electronic or thermoelectric devices based on 2D tin oxides.
Two-dimensional (2D) materials have attracted much attention as the candidates for developing next-generation high-performance electronics, optoelectronics, and spintronic devices.
1-3 However, prototype 2D materials such as graphene, transition metal dichalcogenides (TMDs) and phosphorene are usually unstable at high temperature or oxidize gradually in the air.
4,5 2D metal oxides, by contrast, are environmentally stable, relatively easy to fabricate and typically comprised of non-toxic, naturally occurring elements. 6 Thus, many efforts have been denoting into the synthesis, fundamental properties and devices applications of metal oxides.
7-9
Tin oxides are of considerable technological interest as a series of metal oxides. Under atmospheric conditions, tin oxides usually consist of both SnO and SnO 2 .
10,11 Tin oxides have shown high promise in the field of gas sensing, 12, 13 field effect transistors, 14, 15 as anode materials, 16 ,17 thermoelectrics 9 and optoelectronic devices. 18 Besides, SnO can exhibit bipolar conductivity under suitable conditions which is of great potential in the design of p-n junction. 19 Meanwhile, transition metal doped SnO 2 was identified as dilute magnetic semiconductors with curie temperature T c close to 650 K.
20 2D materials usually possess unique properties that differ from their bulk counterparts. The optical and electrical properties of SnO nanosheets were demonstrated to be strongly dependent on its dimensions. 21 Bulk SnO is a layered material with a tetragonal PbO-type crystallographic structure. Recently, monolayer SnO has been synthesized. 6, 22 Ferromagnetism was predicted in the hole-doped monolayer SnO, due to its valence band which has a Mexican-hat band edge. 23 On the other side, though bulk SnO 2 has a rutile crystal structure, porous monolayer SnO 2 nanofilm has been fabricated, 24 indicating that the growth of 2D SnO 2 is likely to be realized in near future. A T-phase structure was predicted as the ground-state structure of monolayer SnO 2 .
25 The magnetic properties of Co-doped and transition metal doped monolayer SnO 2 have been investigated. 26, 27 Compared to the intense research on the synthesis and electronic properties of 2D tin oxides, their thermal properties receive less attention. Thermal conductivity (κ) is a fundamental physical quantity which has a large influence on many applications such as the heat dissipation of the integrated electronic devices and the efficiency of thermoelectric conversion. 28, 29 The thermal transport properties of 2D tin oxides have not been measured in experiment up to date and call for a systematical investigation at a microscopic level.
In this work, we calculated the thermal conductivity of monolayer SnO and SnO 2 by the first-principles calculations coupled with the phonon Boltzmann transport equation (BTE). The stable structures of 2D tin oxides are identified. Monolayer SnO 2 have a high roomtemperature κ which is dominated by acoustic phonons. In contrast, monolayer SnO has a κ which is almost ten times lower than that of SnO 2 . The size effect of κ in tin oxides was investigated. We analyzed the role of phonon group velocity, anharmonicity and phase space for anharmonicity scattering in the thermal transport. The imparity of κ between 2D tin oxides can be attributed to the lone-pair electrons in the monolayer SnO.
The lattice thermal conductivity κ is obtained by
where N and Ω are the number of q point and volume of the unit cell, respectively. C q,s , v α q,s and τ q,s is the mode specific capacity, group velocity along the α-th direction and phonon lifetime in the single-mode relaxation time approximation (RTA) of the phonon with wavevector q and branch index s, respectively. τ q,s was obtained by combing the anharmonic scattering, isotopic impurities scattering and boundary scattering, according to the Matthiessen rule
where the completely rough boundary with size of L was used, leading to 1/τ b q,s = L/|v q,s |. All computational details are given in the supplementary material Figure 1 (a) displays the lattice crystal of monolayer SnO, with two Sn and O atoms in a unit cell. a and b is the lattice constant along x-and y-axis, respectively. Unlike bulk and bilayer SnO, monolayer SnO with a = b = 3.847Å (labeled as phase A) is unstable (see Fig.  S2 (a-c) in the supplementary material), agreeing with previous works. 31, 32 The eigenvectors of phonon modes with imaginary frequencies correspond to the anti-directional movement of O atoms along the z-axis. The contour of total energy of monolayer SnO, as the function of a and b, is presented in Fig. 1 Table. I. The crystal symmetry of crystal lattice of monolayer SnO is D 2h while that of monolayer SnO 2 is D 3d which contains an inversion center on Sn site. The bonding length of Sn-O is longer in monolayer SnO than that in monolayer SnO 2 .
Pristine 2D tin oxides are non-magnetic semiconductors (see Fig. S4 in the supplementary material) and heat is mainly carried by phonons. The phonon dispersions of monolayer SnO in phase B and monolayer SnO 2 are displayed in Fig. 2(a,b) , which ensure their structural stability. The lowest three branches are the out-of-plane acoustic (ZA), transverse acoustic (TA) and longitudinal acoustic (LA) branch. ZA branch has a quadratic dispersion near the Γ point. 33 An acoustic-optical gap is absent and present in the phonon dispersion of monolayer SnO and SnO 2 , respectively. The low-and high-frequency phonon modes are mainly dominated by the vibration of Sn and O atoms, respectively (see Fig. S5 in the supplementary material).
The temperatures (T) dependence of κ without boundary scattering is shown in Fig. 2(c) . At room temperature, the κ of monolayer SnO 2 reaches 98.8 W/(m·K), comparable with that of conventional semiconducting Ge (65 W/(m·K)) 34 and GaAs (45 W/(m·K)).
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Though the lattice crystal of monolayer SnO is anisotropic, its κ is almost isotopic. The small anisotropy of κ is keeping pace with that of phonon group velocity, 35 which can be further attributed to the similar atomic bonding characteristics along the x-and y-direction (see Fig. S6 in the supplementary material) . It is possible to induce the anisotropic thermal transport into 2D tin oxides by dislocation 36 or uniaxial strain 37 for broadening their potential applications in future. We will only discuss the κ along the x-axis hereafter. The room-temperature κ of monolayer SnO, however, is only 9.6 W/(m·K) which is ten times smaller than that of SnO 2 . Such a large imparity of κ is consistent with the large difference between the κ of bulk SnO and SnO 2 observed in experiment. 38 Therefore, thermal transport is the limit factor in electronic applications of 2D SnO rather than 2D SnO 2 .
By fitting the phonon density of states (DOS) at low phonon frequencies with a Debye model, 39 we obtained Debye temperature θ D as 259 K and 356 K for monolayer SnO and SnO 2 , respectively. As a result, the T dependence of κ of monolayer SnO 2 follows the relation of κ ∼ e −θ D /βT at temperature lower than θ D . 40 Here β is an empirical parameter which was fitted as 1.02 (see Fig. S7(d) in the supplementary material) . At temperature substantially beyond θ D , the overall T dependence of κ of 2D tin oxides restores the 1/T behavior (see Fig. S7 in the supplementary material) .
We found that the effect of isotopic impurities scattering to κ is small compared with the anharmonic scattering in the temperature above 250 K. For example, if we exclude the 1/τ iso q,s from the total 1/τ q,s in Eq. 2, the room-temperature κ will increase only by 0.6% and 3.3% for monolayer SnO and SnO 2 , respectively. The 1/τ iso q,s is inversely proportional to atomic mass 30 which is not very small for tin oxides. The normalized cumulative κ(ω < ω 0 ), which represents the contribution of κ from the phonons with frequencies less than ω 0 , is shown in Fig. 2(d) . In the case of monolayer SnO, apart from the acoustic phonons, optical phonons with frequency up to 470 cm −1 have a non-negligible contribution (∼ 20%) to κ (see Fig. 2(d) and Fig. S8(a) in the supplementary material). That can be attributed to the high dispersive relation and large group velocity of optical phonons (see Fig. 2(a) and Fig. 4(a) ). In contrast, the κ of monolayer SnO 2 is dominated by acoustic phonons with frequency less than 250 cm −1 (see Fig. 2(d) ). The phonon scattering from rough edge can decrease the κ of semiconductors to achieve excellent thermoelectricity. 29 Here the size effect of κ is discussed in the range of diffusive thermal transport. The lateral size (L) dependence of room-temperature κ and the contribution of phonons from different branches are displayed in Fig. 3 . At room temperature, the mean free path (MFP) of phonon is about 10 3 and 10 5 nm for monolayer SnO and SnO 2 , respectively. In the case of monolayer SnO, though the contribution of κ from acoustic phonons can be decreased by enhanced boundary scattering, the contribution from optical phonons is almost size independent until the L decreases down to 10 nm (see Fig. 3(b) ), due to its small MFP. Thus, as the lateral size of 2D SnO decreases from 10 5 nm, nanostructuring might not be an efficient method to reduce its κ, due to the coexistence of size dependent and independent component. In contrast, the κ of 2D SnO 2 , which is dominated by acoustic phonons, can be effectively decreased by edge roughness scattering (see Fig. 3(a) ).
The large difference between the κ of monolayer SnO and SnO 2 can not be simply attributed to the different mean atomic mass. We analyzed the role of each term in Eq. 1 in determining the κ of 2D tin oxides. Figure 4 (a) displays the frequency dependence of mode group velocity v q,s . The v q,s of low-frequency phonon modes (ω < 170 cm −1 ) in monolayer SnO 2 is higher than that in monolayer SnO. The group velocity of phonon is large for materials with light atomic mass and strong bonding. The bond strength can be reflected by the 2D elastic module C 2D , which can be obtained through a fitting process of total energy with respect to strain. 41 The C 2D of monolayer SnO along x-and y-axis is 40.96 J/m 2 and 34.98 J/m 2 , much smaller than C 2D = 260.53 J/m 2 of monolayer SnO 2 (see Fig. S9 in the supplementary material). The weak Sn-O bonding results in small phonon group velocity as well as aforementioned long Sn-O bond length in monolayer SnO (see Table. I).
The mode phonon lifetimes τ q,s of 2D tin oxides at room temperature are shown in Fig. 4(b) . It can be seen that the overall τ q,s of monolayer SnO 2 is larger than that of monolayer SnO. As mentioned above, anharmonic effect dominates the phonon scattering in the thermal transport of 2D tin oxides. The scattering rate 1/τ an q,s depends on both the square of Grüneisen parameter γ 2 q,s and the available three-phonon phase space (P 3 ) q,s .
40
The former one describes the strength of anharmonicity. The latter one represents the number of anharmonic scattering channel for phonon absorption processes and emission processes, according to the energy and momentum conservations.
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The overall γ 2 q,s of monolayer SnO is much larger than that of monolayer SnO 2 , which can be seen from Fig. 4(c) . That is also consistent with the fact that the acoustic phonon branches of monolayer SnO are significantly softened compared to that of monolayer SnO 2 (see Fig. 2 ). The overall (P 3 ) q,s of monolayer SnO is slightly larger than that of SnO 2 (see Fig. 4(d) ). In the phonon dispersion of monolayer SnO, the soft acoustic phonons and intersection between acoustic and optical branches (see Fig. 2(a) ) provide more channels for anharmonic scattering, especially for emission process of high-frequency phonons (see Fig.  S10 in the supplementary material). Combining with Fig. 4(c) and 4(d) , the small τ q,s in monolayer SnO is mainly due to the large γ 2 q,s . Thus, the much small κ of monolayer SnO arises from the small phonon group velocity and strong anharmonicity strength.
The large imparity between the anharmonicity strength of tin oxides can be further attributed to the electron configuration. The projected density of states (PDOS) of tin oxides are shown in Fig. 5(a) and 5(b) . In the valence band of monolayer SnO, Sn-5s electrons interact with the O-2p states, with the bonding states locating between -8 and -5 eV and anti-bonding states appears at upper valence bands (see Fig. 5(a) and Fig. S11 in the supplementary material). The anti-bonding states, with a large contribution from the Sn-5s states, can hybridize with Sn-5p states due to the lack of inversion symmetry. This sort of hybridization shifts the energy of anti-bonding states downward, thereby stabilizing it at the top of valence bands. 42 The filled anti-bonding states result in the sterically active lone-pair electrons (see Fig. S11 in the supplementary material) , similar to the case of bulk SnO. 43 The electronic local function (ELF) was calculated with the location of cross-section indicated by the blue line in Fig. 1(a, b) , which can directly give a picture of lone-pair electrons. The ELF shows a strong electron localization around the Sn atom (see Fig. 5(c) ), consistent with the distribution of lone pair at Sn. As a result, the overlapping wave functions of the lone-pair electrons and nearby O-2p bonding electrons will induce a nonlinear repulsive electrostatic force during thermal agitation, 44, 45 leading to enhanced anharmonicity and small phonon lifetime. Additionally, it is indicated that chemical functionalization can effectively modulate the κ of 2D SnO since the lone-pair electrons distribute on the surface.
In contrast to SnO, the lattice crystal of monolayer SnO 2 is centrosymmetric. The mixing between Sn-5p states and anti-bonding states of O-2p and Sn-5s is prohibited due to the different parity of s and p orbital. The anti-bonding states of O-2p and Sn-5s is above the Fermi level and unfilled. Thus, both the s and p electrons of Sn atom participate in Sn-O bonding in a form of sp 3 hybridization. Electrons transfer from Sn to O atom, as shown in Fig. 5(d) and Fig. S11 . The absence of lone-pair electrons make anharmonicity strength to be smaller for monolayer SnO 2 than for monolayer SnO (see Fig. 4(c) ), resulting in longer phonon life time (see Fig. 4(b) ).
In conclusion, based on the first-principles calculations, we calculated the thermal conductivity of monolayer SnO and SnO 2 . The tetragonal lattice of monolayer SnO spontaneously transforms to a rectangle one. The room-temperature κ of monolayer SnO and SnO 2 arrives at 9.6 W/(m·K) and 98.8 W/(m·K), respectively. The size effect of κ is much weaker for monolayer SnO than for monolayer SnO 2 , due to the coexistence of size-dependent and size-independent contribution of κ in monolayer SnO. The small κ of monolayer SnO is due to the small phonon group velocity and strong anharmonicity strength. That can be further attributed to the existence of sterically active lone-pair electrons distributed on the surface of monolayer SnO. This work may give a guide for the thermal management in the electronic or thermoelectrical devices based on 2D tin oxides.
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